The dative Si-N bond dissociation enthalpy DO in SiHp-NH3 has been estimated as 97 f 10 kJ mol-' at the G2 level of theory. DO values for substituted analogs and cyclic complexes closed by intramolecular Si-N bonds have been obtained by means of isodesmic reactions, and strains in four-, five-, and six-membered rings are shown to be small. DO in SiHp-(NH& is estimated to be 7 f 20 k J mol-'. Kinetic implications of DO are discussed. Vibrational frequencies and UV/visible spectra of various silylenes and silaylides are predicted, to obtain changes in the So -SI energy relative to SiH2. Ylide formation is seen to increase this gap, and CIS/6-31+G* results suggest that complexation of SiHz with NH3 shifts the absorption from 485 to 301 nm.
Introduction
This work is an ab initio study of the thermochemistry and spectroscopy of dative bonds' between amines and silylenes (silanediyls). These bonds are formed through donation of the lone electron pair on the N atom into the empty p orbital on the Si atom. The existence of such bonds has recently been demonstrated in silylenes stabilized by coordination to Lewis bases, which contain intramolecular amine group^.^?^ X-ray structure determinations on these coordinate complexes containing the silaylide arrangement revealed a relatively large Si-N separation of about 2.05 A.3 This may be compared to the normal Si-N distance of, e.g., about 1.72 A calculated for ~ilylamine.~ These complexes involve fivemembered rings containing S i c N bonds, which are therefore a focus in this work. Similar donation of lone electron pairs on 0 atoms into silylenes has been investigated experimentally by several groups,M2 while Ando et a1.13 and Gillette et a1.14 have studied the changes in the electronic spectrum of silylenes caused by donor-acceptor adduct formation. There have also been recent studies of the isoelectronic donor-acceptor complexes formed between amines and alanes.lJ5 
O2~6-~333/94/23l3-O038$O4.5O/O
The UV-visible spectra of several silylenes have previously been analyzed in terms of the Hartree-Fock wave functions of the ground and first excited singlet states by Apeloig and K a r n P here we assess the usefulness of the CIS method recently described by Pople and co-workers17 and compare results from both approaches with experimental data for free silylenes and silylenes complexed to amines.
Silylene-amine bonding is of potential practical significance in plasma-enhanced chemical vapor deposition of silicon nitride from ammonia/silane mixtures, where the gas-phase reaction of SiHz with NH3 may be an important step.18J9 The theoretical work of Raghavachari et al. predicts that SiH2 and NH3 initially combine to form a silaylide adduct, which has a significant barrier to isomerization to the more stable S~H S N H~.~ Part of the present work forecasts the vibrational and electronic properties to aid the design of experiments to study the SiH2 + NH3 reaction. The results obtained are also considered in the context of recent experiments on possible cyclic aminehilylene complexes.20 Strain energies for four-, five-, and six-membered rings containing Si+N dative bonds are estimated, and kinetic implications of the thermochemistry are discussed.
Theoretical Method
Results were obtained by use of the GAUSSIAN90 program,ll implemented on a VAX 6310 and a Solbourne 53/902 computer.
Standard ab initio molecular orbital theory was employed to optimize the energy as a function of nuclear coordinatee,a and calculations were performed using the split-valence 3-21G(*), 6-31G*, and 6-311G** atomic basis sets. The first basis set includes polarization functions on Si, and the second includes polarization functions on all but the H atoms, while the third basis set includes polarization functions on all atoms. A full geometry optimization was carried out for the ground state of each closed-shell (SO) molecule using the spin-restricted HartreeFock (RHF) method. RHF harmonic vibrational frequencies were calculated to verify each equilibrium structure as a true minimum. HF frequencies are typically about 10% higher than experimental and, thus, were scaled by a standard factor of 0. 922 before zero-point vibrational energies (ZPE) were computed.
Electronic energies were calculated for the first excited singlet (SI) and triplet (T) states of each molecule at its SO RHF geometry, by means of unrestricted Hartree-Fock (UHF) theory. Spin contamination was monitored via the value of (P). Energies of the pure first excited singlets (E[Sl,pure]) were derived from the triplet energies and the energies of the contaminated UHF singlets (which have (P) = 1 and are mixtures of the wave functions of the pure excited singlets and triplets) using the relation proposed by Apeloig and KarnP
Their fix of spin contamination is not highly satisfactory because E[Sl,purel becomes indeterminate as (S2) approaches 2. Accordingly, an alternative method to derive the vertical energy separation between the SO and S1 states is evaluated here. The SO geometry was optimized at the RHF/6-31G* level and the energy gap was derived using confiation interaction with single excitations,"with the 6-31+G* basis set. The "+" indicates the inclusion of diffuse functions that aid the description of any Rydberg character in the excited-state wave function.
For the thermochemical analysis single-point energies for ground states were obtained at the RHF/6-31G* geometries by means of second-order and fourth-order Maller-Plesset perturbation theory (MP2 and MP4) using the frozen core approximation with the 6-31G* and 6-311G** basis sets. Finally, the ground-state energy of the HsN+SiH2 complex was computed at the Gaussian-2 (G2) level of theory.s26 Briefly, the G2 procedure is based on MP4 energies calculated with the 6-311G** basis set at the MP2/6-31G*-optimized geometry, modified by a series of additive corrections to approximate a full QCISD-(T)/6-311+G(3df,2p) calculation.
Organometallics, Vol. 3-21G(*) level, which indicates that simple alkyl substitution has little influence on the Si-N distance. The RHF/ 3-21G(*) distances in the cyclic species D, F, and H are 2.045, 2.017, and 2.018 A, respectively. In B the Si-N distance is predicted at the RHF/3-21G(*) and RHF/6-31G* levels to be 2.274 and 2.367 A. As shown below, the longer Si-N bonds in this molecule are much weaker than in the other silaylides analyzed here. The Mulliken charges on Si and N in free SiHz and NH3 at the RHF/6-31G* level are +0.32 and-1.00, respectively, and change to +0.18 and -1.02 upon formation of A. Alternatively, if H atom charges are summed with heavy atoms, then the Mulliken charges on the SiHz and NHs groups within A are i0.20. Thus there is no large charge separation in the donor-acceptor complex and any description of the complex as "zwitterionic" is best regarded as a formal representation.
3.2. Vibrational Frequencies. The results of normal mode analyses for A and B are listed in Table 1 . For A the modes below 1000 cm-1 show strong coupling between SiHz and NH3 motions and have mixed character. Si-N stretching is mainly in the mode predicted to lie at 833 cm-I, where it is coupled to scissoring of the SiHz group and inversion, i.e., umbrella motion of the NH3 group. In B, symmetric Si-N stretching is estimated to occur at 188 cm-1 while the IR-active asymmetric stretching is found at 125 cm-l. Promising spectral regions for IR detection of A and B must contain reasonably intense absorption bands that are well-separated from the absorptions of SiHz and NH3 that are likely to be present in an attempted synthesis of A. Such regions lie at approximately 352 and 1288 cm-1 for A, and for B at approximately 125,511, and 865 cm-l. The most intense features in their spectra will be the Si-H stretching bands at -1900 cm-l, and it might , I HF/6-31G* frequencies scaled by a factor of 0.9. IR absorption intensity. Str, stretch; def, deformation; inv, inversion; scis, scissor.
be possible to detect ylide formation using high-resolution IR spectroscopy to monitor small shifts in these Si-H stretching frequencies.
3.3. Thermochemistry. Total energies for the species considered here are listed in Table 2 and are employed together with the ZPE to calculate DO, the bond dissociation enthalpy at 0 K. The G2 calculation of DO for the SiHp-NH3 silaylide yields 97 kJ mol-' (Table 3) . Because G2 theory has usually been found to agree well with experimental data, with a target accuracy of f 8 kJ m 0 1 -l~~~ we assign an approximate uncertainty of f10 kJ mol-' to this result. Our Do value is close to two previous calculations: an MP4/6-31G**//HF/6-31G* result of 105 kJ mol-' from Raghavachari et aL4 and a BAC-MP4 value of 109 f 12 kJ mol-' by MeliusSz6 These values are quite close to the DO calculated by Marsh et al. for AlH3-NH3 of 109 kJ mol-l,15 while experiments by Haaland yielded a value for methyl-substituted alane of 130 kJ mol-l. ' DO for the other silaylides RNH2-SiHR' are obtained by a two-step procedure. First, the bond dissociation enthalpy relative to that of NH3-SiH2, ADO, is derived as AH at 0 K for the isodesmic reaction RNH,+SiHR' + NH3 + SiH, -RNH, + SiHR' + NH3+SiH2 (2) Then DO for the adduct RNH2-SiHR' is obtained from
where the G2 value of Do(NH3-SiH2) is employed. We expect DO derived in this way to be less sensitive to error than calculation of DO directly (also shown in Table 3 ) because errors in calculations below the G2 level arising molecule, combined with the initial uncertainty in the G2 bond strength for A.
As may be seen from Table 4 , methyl substitution in A has a small effect on DO and apparently reduces the Si+N bond strength by only 4 kJ mol-'. This might indicate a small degree of electron donation by the methyl group in the silylene into the Si p orbital, which would make donation of the lone pair on N into this orbital less favorable. Consistent with this idea, the electron-withdrawing SiH3 group induces a slight increase in DO, of about 5 kJ mol-l. It is reasonable to assume, on the grounds that the environments of the Si-N bonds are similar in both CH3(H,)NSi(H)CH3 and the cyclic molecules D, F, and H, that the differences in DO may be attributed primarily to strain energy (i.e., strain enthalpy at 0 K) in the ring, Es. Here we obtain Es from m
Es = D o ( H~( C H~) N -S~H C H~)
-Do(HSi(CH2),NH2) (4) As shown in Table 4 , Es is negligible for the fivemembered cyclic silaylide (F), about 6 kJ mol-' for the six-membered ring (H), and 37 kJ mol-' for the fourmembered ring (D). These modest values of Es can be contrasted to the larger strain energies calculated by Boatz et al. for monosilacycloalkanes, of 103,19, and 17 kJ mol-' for four-, five-, and six-membered rings, re~pectively.~' The difference arises from the long S i c N bonds which accommodate larger angles in the carbon framework of the rest of the ring, while at the same time the dative bond into the p orbital on Si favors a 90" angle between the Si-N bond and other substituents at the Si atom (see Figure 1 ). Thus for cyclic HSi(CH2)3NH2 (F) the NSiC angle is 86.8" at the RHF/3-21G(*)-optimized geometry, while the SiCC, CCC, CCN, and CNSi angles are close to tetrahedral, at 108.1", 105.6", 108.3", and 108.8", respectively. One consequence of the small strain energy is that formation of intramolecular Si-N bonds, as compared to intermolecular bonding, may be reasonably favorable on entropy grounds, without a large opposing enthalpy penalty.
Use of the isodesmic reaction 2 may be inappropriate for B because it is a more loosely bound complex, and direct ab initio DO values for the second Si-N bond are qualitatively different from the DO values for the other silaylides (see Table 3 ). This is reflected in the large scatter and uncertainty of the DO values. Nevertheless, the mean Do of 7 f 20 kJ mol-l is clearly much smaller than the other values given in Table 4 . The loose Si-N bonding in this diamine adduct may not compensate for the entropy loss required for formation of B. Consistent with this possibility, Probst et al. prepared a base-stabilized silylene where two equivalent intramolecular amine groups could bond to Si, but NMR spectroscopy revealed that only one amine was attached at a time. We have employed their HF approach and also the CIS method, outlined in section 2, to derive the SO -S1 transition energies listed in Table 5 , together with the blue shifts relative to the SiH2 absorption. It may be seen that the derived AE values are not strongly basis-set dependent. An approximate indication of the likely uncertainty in calculated wavelengths may be obtained via consideration of the HSiCH3 and Si(CH3)2 molecules. X = 480 nm has been measured for HSiCH3,28 while the HF result of Apeloig and Karnile is 509 nm and our CIS results is 463 nm. For Si(CH3)2 the Relative to a theoretical X = 532 nm for the SO -SI transition of SiH2. Relative to a theoretical X = 485 nm for the SO -SI transition of SiH2. Conlin and co-workers have prepared phenyl trimethylsilyl silylenes photolytically in a frozen 3-methylpentane matrix.20 That work indicates that if an amine group is available for intramolecular coordination to Si in a fivemembered ring, then the absorption band is shifted from 660 to 480 nm, Le., AE is increased by about 68 kJ mol-'. This is smaller than but in qualitative accord with the predicted shift in AE at the HF and CIS levels in the five-membered ring (F); the discrepancy with the larger change in AE predicted here may reflect the influence of the phenyl and trimethylsilyl groups. Consistent with this interpretation, the CIS result for HSiSiH3 complexed with NH3 demonstrates that a silyl group somewhat reduces the blue shift in X (relative to SiHz) caused by complexation: quantitative analysis of the combined influence of phenyl and trimethylsilyl groups remains a topic for future investigation.
3.5. Kinetic Implications. Initial experimental evidencezOis that the reactions of the possible cyclic silaylide with known trapping agents for silylenes yield the same 
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products as would be expected from the silylene. There are alternative modes for trapping reactions with a silaylide, either that the silaylide first dissociates to the free silylene, or that Si-N bond fission is concerted with attack on the trap. A crude upper bound to the dissociation rate constant of the five-membered cyclic silaylide (F) is obtained by assuming that the activation energy is equal to DO and that the preexponential factor might be as large as 1017 s-l. This implies a room temperature rate constant of at most about 10 s-l, which is too small to account for the observations.20 A similar result is derived from the DO value of Raghavachari et a1.t and an even smaller upper bound to the dissociation rate constant would be obtained if the slight bond-strengthening effect (Table 4) of SiH3 substitution (in the experimental silaylidezo) were taken into account. This lends support to the idea of a concerted reaction and suggests that the silaylides may react as hypercoordinated silylenes. In the absence of a trapping agent, the theoretical work of Raghavachari et a1.4 suggests that a possible fate of silylene complexes with primary or secondary amines is isomerization to a more stable silylamine. Gillette et aZ.14 found, in the case of adducts to tertiary amines, that disilenes were ultimately formed, probably either by dimerization of two complexes or by reaction of a complex with a free silylene.
Conclusions
The geometries and vibrational and electronic properties of dative Si-N bonds formed between silylenes and amines have been estimated. The thermochemistry has been investigated, and the best estimate of the H3N-SiH2 bond strength is DO = 97 f 10 kJ mol-' from G2 theory. This value is used to derive DO for other silaylides via isodesmic reactions. The strain energies in cyclic silaylides were shown to be small. Two NH3 molecules may be coordinated to SiH2, and the resulting second Si-N bonds are predicted to be weak, with DO = 7 f 20 kJ mol-'. SO -SI energies have been calculated for several silylenes, including ones complexed to amine groups, and good agreement between CIS/6-31+G* results and experimental UV-visible spectra is found.
